The Mnt protein of Salmonella phage P22 binds site-speci®cally to its operator. To better understand this binding we used dideoxy DNA sequencing in a quantitative manner to determine the relative binding constants, and hence the relative free energies, of wild-type Mnt protein to a substantial number of variants of its operator. These measurements were supported by experiments which used the SELEX procedure to generate a set of operators from an initially randomized population. In the Discussion we show that the present model of Mnt protein/operator binding, due to Sauer and co-workers, along with the assumption of an independent contribution of each position in the operator to the total binding, provides a reasonably accurate description of the system. We also discuss the use of information content as a measure of DNA-protein binding speci®city with the Mnt protein/operator system serving as an example and show again that the assumption of independence supports the current view of this case of site-speci®c binding.
Introduction
Proteins that bind to DNA are routinely classi®ed as being site-speci®c (i.e. sequencespeci®c) or non-speci®c DNA binding proteins (Revzin, 1990; Steitz, 1993) . The binding of the Mnt repressor (Mnt protein) of the Salmonella phage P22 to its operator is an example of site-speci®c binding. The repressor binds with high af®nity, K eq % 10 11 M À1 (Knight & Sauer, 1989a; Vershon et al., 1987) , to its naturally occurring binding site (Raumann et al., 1995) ; this is the binding reaction described here. In contrast, histones are nonspeci®c binders because ideally they will bind DNA of any sequence (Ramakrishnan, 1994 (Ramakrishnan, , 1995 .
Site-speci®c DNA binding proteins also manifest non-speci®c binding activity, although the nonspeci®c activity is typically weaker than the sitespeci®c activity by several orders of magnitude. Hence, the notion of``speci®city'' can be solidi®ed by taking as its de®nition the ratio of the sitespeci®c binding constant to the binding constant that the same protein would manifest for random DNA (i.e. its non-speci®c binding constant). This de®nition provides a quantitative measure which gauges how well any given site-speci®c DNA binding protein can ®nd its functional binding site(s) against a background of non-sites (as long as the binding reaction is fairly described by equilibrium thermodynamics).
In general, site-speci®c DNA binding proteins do not simply bind to a single site of unique sequence, Abbreviations used: , The binding constant is the equilibrium constant for the reaction: Protein DNA ProteinÁ DNA. A relative binding constant is a binding constant divided by a reference binding constant; here it is denoted as K ref (b) .``Scanning'' means the placement of a gel on the Ambis machine with subsequent counting of its radiolabel by the machine.`I maging'' means the display of the scanning results on the computer screen in the likeness of an autoradiograph of the gel where it can be queried for information. A gel is termed``quantitatively usable'' if the net counts or the peak heights of some or all of the bands of interest are obtained from its image.; AFM, considering the ®lm mode of analysis this denotes data derived from the sequencing of the antitemplate strand; APH, considering the peak height mode of analysis this denotes data derived from the sequencing of the antitemplate strand. Ambis (machine), Ambis Systems/Scanalytics radioanalytic imaging system; BSA, bovine serum albumin; ddNTP, dideoxyribonucleoside 5 H -triphosphate with N P A,C,G,T; DEAE, diethylaminoethyl; dNTP, deoxyribonucleoside 5 H -triphosphate with N P A,C,G,T; dsDNA, double-stranded DNA; [g- 32 P]ATP, adenosine-5 H -[g-but instead will bind to a family of sites of similar sequence. To better understand any given case of site-speci®c binding one would like to know how well the protein binds to each particular variant of its binding site. This information can be obtained, in part, from the determination of relative binding constants, K ref (b) (the relative binding constant is normalized to some reference binding constant), as a function of the sequence of the binding site; we take this approach in our present study of the Mnt protein/operator. From the well-known relation ÁG À RT ln K eq , this approach directly yields the change in free energy of binding as a function of the binding site's sequence, ÁÁG (b), and with this information, one can speculate about the molecular details of the DNA-protein contact. Furthermore, this information adds to the search for a quantitative DNA-protein``recognition code'' which attempts to explain site-speci®c binding as a mapping of particular amino acid side-chains to particular DNA bases or base-pairs (MandelGutfreund et al., 1995; Suzuki & Yagi, 1994; Choo & Klug, 1997) .
To simplify the determination of the free energies one can assume that the free energy contributions to the total DNA-protein binding from each position in the binding site are independent (i.e. the total free energy is the sum of the free energy contributions of each position in the site). This assumption has two consequences: it greatly reduces the number of experiments that need to be performed because two or more positions in the binding site can be analyzed simultaneously; and it provides a framework within which the molecular details of the binding can be discussed. Certainly, this assumption is not expected to be exactly true, and perhaps not even approximately true in every case of site-speci®c binding (Lustig & Jernigan, 1995) . Nevertheless, its approximate validity and utility have been observed in studies of the Cro and l-repressors , and in work on zinc ®ngers (Desjarlais & Berg, 1994) . We have also veri®ed the assumption in a limited number of cases for the Mnt protein/operator system (Stormo et al., 1993) ; hence, we invoke this assumption here and discuss its validity.
Many site-speci®c DNA binding proteins belong to one of several well established motif classes, such as the helix-turn-helix, homeodomain, and zinc ®nger (Nelson, 1995; Pabo & Sauer, 1992 ; also see Curr. Opin. Struct. Biol. vol. 4, no. 1, 1994 and Curr. Opin. Struct. Biol. vol. 6, no. 1, 1996) . The Mnt protein, which is actually a tetramer of identical monomers, belongs to the ribbon-helix-helix motif class (Phillips, 1994; Raumann et al., 1994) . This class has two contiguous N-terminal features, aǹ`a rm'' and residues that will become part of an antiparallel b-ribbon, that are critical components of the site-speci®city. At the same time, it appears that protein-protein interactions between Mnt protein's monomer subunits also play an important role in the high af®nity binding (Raumann et al., 1995; Waldburger & Sauer, 1995) .
In earlier work we showed (Fields & Stormo, 1994 ) that dideoxy DNA sequencing methodology can be used to provide relative binding constants and, in particular, we focused on one position in the nearly symmetric 17 base mnt operator and reported the three relative binding constants for this position. Here, again using the same dideoxy sequencing method and wild-type Mnt protein, we expand our study to all positions in the mnt operator. In addition to our determination of relative binding constants, the SELEX procedure (Gold, 1995; Tuerk & Gold, 1990 ) was used to generate a family of site-speci®c Mnt binding sites from an initial sequence which contained a randomized region of 20 bases. The combined results allow us to discuss the site-speci®c binding of the Mnt protein to its operator.
Results

Relative binding constants
The ®ve synthetic oligonucleotides shown in Figure 1 , with names beginning with ss to denote their single-stranded condition, were converted into double-stranded DNA (dsDNA) in a primer extension reaction using the``short-Mnt primer.'' This gave ®ve distinct families of the mnt operator 3 À 19 , each family itself being a mixture of mnt operators 3 À 19 with one or two randomized positions. For each family, four to eleven individual binding reactions with the wild-type Mnt protein were performed. Utilizing high performance electrophoresis chromatography (HPEC; see Figure 2 ), each binding reaction was resolved into its bound and unbound fractions with a band mobility shift (Fried & Liu, 1994) and, subsequently, each fraction was resolved into its template and antitemplate strands under denaturing conditions. Each strand was sequenced by our version of the dideoxy method (Fields, 1995; Fields & Stormo, 1994) and the resulting sequencing gels were scanned with a radioanalytic imaging system from Ambis Systems/Scanalytics (Ambis). The raw scanning data from each gel were analyzed in two modes. First, in the``®lm mode'' of analysis, the gel was imaged as it would appear in an X-ray ®lm authoradiograph (see Figure 3 ). After setting a lane speci®c background by inspection, each band of interest was demarked and its net counts was taken. Second, in the``peak height'' mode of analysis, each sequencing gel lane was taken in pro®le (see Figure 4) . After a baseline was determined by inspection, the peak height of each band of interest was measured. Accordingly (see Figure 2) , each of the aformentioned binding reactions was ultimately analyzed in four ways: the template and antitemplate strands were analyzed in both the ®lm mode and the peak height mode of analysis (TFM, template ®lm mode; TPH, template peak height; AFM, antitemplate ®lm mode; APH, antitemplate peak height).
Relative binding constants, K ref (b), were determined for each type of base for operator positions 11 through 19 using equation (4) (Materials and Methods) with each of the four ways of analysis (i.e. TFM, TPH, AFM, APH). The reference base for each use of equation (4) was chosen so as to best facilitate the comparisons; this was usually the wild-type base but another base was used in cases where some of the wild-type data were not usable. Since the wild-type mnt operator 3 ± 19 is symmetric about position 11, and because the Mnt protein is a homotetramer, the K ref (b) for positions 11 through 19 are taken to describe the entire operator. (Note: this means that G or C at position 11 may serve as the wild-type base.)
Although the complete procedure, from binding reaction through quantitative sequencing (see Figure 2 ), was repeated several times for each operator dsDNA not all experiments provided usable results. This was primarily due to inadequate intensity or insuf®cient resolution in the bands of the sequencing gel. Table 1 summarizes the results from all of the usable experiments, where the subscript on the SDOM is the number of experiments used. By de®nition (see equation (4)), the values of 1.0 are for the reference bases used at each position. Of the 25 K ref (b) that were sought, no usable data were obtained for two of them. These are for G at position 13 and C at position 14. A G at position 13 leads to a run of four Gs in a row (see Figure 1 ), and we were never able to obtain adequate resolution of the position 13 G band in the sequencing gels to determine an accurate value. Knight & Sauer (1992) have found that a C at position 14 leads to a large reduction in binding af®-nity, to about 1.5% of the wild-type af®nity. This magnitude of reduction is apparently below the limit of detection of our approach because we never obtained adequate intensity (or resolution) of that band to determine an accurate value of K ref (b) .
The precision and the self-consistency of the determinations of the K ref (b) are very good. The majority of the precisions (SDOM divided by the mean) are less than 20%. (Note: the precisions were computed prior to the rounding off and subsequent placement of numbers in Table 1 ). In fact, Figure 1 . The oligonucleotides used in this work and the wild-type mnt operator are shown. The numbering system of the mnt operator is that of Knight & Sauer (1989b) ; the number of some positions are indicated with downward arrows. The notation 3 ± 19 indicates that the mnt operator of focus includes positions 3 through 19 of a larger 21 position sequence. The wild-type mnt operator 3 ± 19 is symmetric about position 11 and each half-operator is pseudo-symmetric about positions 6 and 16. Since the Mnt protein is a tetramer of identical monomers, its binding to the mnt operator 3 ± 19 is considered to be symmetric; hence, g or c at position 11 is regarded as the wild-type base. Capitalized letters indicate the randomized positions (N A,C,G, or T; Y C or T ). ssN17, ssN12N16, ssN14N18, and ssN15N19 are 70 bases in length and ssY11N13 is 63 bases in length. The primer annealing regions to the oligos are evident. ssN17 and ssY11N13 were designed for, and used in, earlier work (Stormo & Yoshioka, 1991; Stormo et al., 1993) and contain multiple restriction enzyme sites in and about the Mnt binding site.
for the peak height-based analyses only one exceeded 20% and most are less than 10%. Considering any particular operator position and base, thè`s elf-consistency'' is the degree to which the analogous K ref (b) derived from the four different ways of analysis are in agreement. This level of agreement is exempli®ed by the consideration of the ratio of any two analogous K ref (b) with the larger value always being in the numerator. (Note: the ratios were computed prior to the rounding off and subsequent placement of numbers in Table 1 .) The majority of the ratios are less than 1.3. These results, together with our previous demonstration that this method of quantitative sequencing could accurately determine the ratios of mixed samples (Fields, 1995; Fields & Stormo, 1994) Table 2 are weighted averages over their respective TFM, TPH, AFM, and APH entries in Table 1 ; the weights are the values of the subscripts on the SDOMs in Table 1 and the given K ref (b) are now all with respect to the wild-type bases. The value of K G (C) for position 14 was taken to be 0.015, the value reported by Knight & Sauer (1992) assuming independent contributions from the symmetric double mutations. For K T (G) of position 13, we were unable to resolve the band well enough to obtain a reliable measurement. However, based on the size of the``shoulder'' created on the adjacent peaks in our imaged sequencing gels, we estimate a value of 0.20. This is probably accurate to within a factor of 2, compared to the other positions where we think the accuracy is within 20 to 30%. 
Quantitative Speci®city of the Mnt Repressor
The values we obtain are highly consistent with those reported by Knight & Sauer (1992) . Of the seven changes we measured that were also reported by them, four are the same within a factor of 1.6, and the other three are within a factor of about 3. Considering that the methods used were quite different, the binding reaction conditions were somewhat different, and their method of determination led them to``suggest that the af®nity values are reliable to a factor of 2'' (Knight & Sauer, 1992) , we think that we now have accurate determinations of changes in af®nity for all single-base substitutions to the wild-type mnt operator 3 ± 19 .
Examination of Table 2 reveals that, with only one exception, the wild-type base always provides the highest binding af®nity. The exception is position 19, where a C increases the binding af®nity by about 30% over the wild-type T. The destabilization caused by other mutations varies over a wide range, from small effects of less than twofold up to effects of about 25-fold. The additional data of Knight & Sauer (1992) show one change has an effect of about 67-fold; their next highest reported change is about 22-fold (not counting the methylated operators).
Regarding the continued use of dideoxy DNA sequencing in a quantitative manner, we believe that the development of an algorithm that rigorously extracts band intensity from a scanned and imaged gel would increase the accuracy further and decrease the amount of unusable data. For example, this algorithm could utilize information contained in the geometries of the numerous bands on the sequencing gel which do not correspond to randomized positions in the operator to``deconvolute'' the bands that overlap and determine more accurately the counts in the randomized positions. And obviously, any technique which improves the resolution of bands on sequencing gels will be of great bene®t to quantitative DNA sequencing.
Selection experiments
To further elucidate the speci®city of the Mnt protein, we utilized Systematic Evolution of Ligands by EXponential enrichment (SELEX; He et al., 1996; Tuerk & Gold, 1990) to produce a family of mnt operators. The dsDNA bearing 20 randomized bases shown in Figure 5 (a) was incubated with the Mnt protein. The resulting bound fraction was obtained and ampli®ed, and this pattern of binding reaction/ampli®cation was continued for a total of nine rounds. The ®nal bound fraction was the desired family of mnt operators.
A library of these operators was produced by standard cloning techniques and 66 clones were picked and sequenced. The alignment of most of these sequences was evident by inspection; nevertheless, an alignment was generated by the program CONSENSUS (Hertz et al., 1990) which aligns the sequences so that the information content (see Discussion) of the binding sites is maximized. To operate CONSENSUS the site size was chosen to be 17 bases and the sites were assumed to be symmetric. Of the 66 sequences, 62 were found to contain a high information content pattern; that is, these sequences were indeed true variants of the wild-type Mnt binding site. Four sequences did not have patterns similar to the other sequences. Two of those four were tested in a binding reaction/band-shift experiment and were found not to have a high af®nity for Mnt protein. Many of the other sequences were also tested and they all showed af®nities comparable to the wild-type operator. It is not uncommon for a few sequences without high af®nity to emerge from the SELEX procedure and subsequent cloning (He et al., 1996; Irvine et al., 1991) and that is presumably the case with these four sequences. Hence, these four sequences were removed from the study.
The aligned binding sites for the remaining 62 sequences are shown in Figure 5 (b). This same alignment was generated if the site was assumed Figure 3 that bands tend to be``rotated'' with respect to the gel's horizontal axis. This band rotation will appear as a broadening of the peaks when the gel is analyzed in pro®le, a situation which exacerbates the experimentally derived overlapping of bands. To calculate the relative binding constant of the operator bearing a C at position 16 with respect to one bearing the wild-type A (K ref (b) K A16 (C)), for example, the peak heights of the A and C-peaks at position 16 would be determined from the pro®les given in this Figure and from the corresponding pro®les which represent the unbound fraction; K A16 (C) then follows immediately from equation (4) (in Materials and Methods).
to be a symmetric site of 17, 19 or 21 bases. Besides con®rming the preference for the wild-type sequence, the SELEX data allow us to address three additional issues: the contribution to speci®city of positions outside of 3 ±19; the symmetry of the binding site, which has previously been assumed; S due to the symmetry of mnt operator 3 À 19 and the homotetrameric Mnt protein this value is inferred for A and G from the values for T and C, respectively. X, data not available. The SDOM subscript indicates the number of data points used in the computation of that mean and SDOM. An entry with no SDOM is a point estimate. Quantitative Speci®city of the Mnt Repressor and the additive contributions of positions across the site. The data clearly show a small contribution to speci®city for positions 2 and 20. The mnt operator numbering system includes 21 positions (see Figure 5 (a) because ethylation of the DNA backbone over that region strongly interferes with the binding (Vershon et al., 1987) . However, previous experiments had not shown that positions 1, 2, 20 or 21 contribute to the speci®c binding (Knight & Sauer, 1988 Vershon et al., 1987) . In Figure 5 (b), it is striking that the majority of sites are adjacent to the``at'' at the end of the ®xed sequence, and that positions 1 and 2 of the wild-type operator are A and T, respectively. Figure 5(c) shows the occurrences of each base at the end positions, combining both ends of the operator together (i.e. position 1 is equivalent to 21 and position 2 to 20). They are tabulated for all of the operators and also for those end bases that are derived from the variable region along. Considering only the variable bases, it appears that position 20 (and 2) is conserved to about the same extent as position 16 (see Figure 6(a) ), which indicates a small contribution to speci®city. Position 21 (and 1) is less well conserved than any of the other positions, indicating very little contribution to speci®city.
The issue of operator symmetry is more dif®cult to determine. Individual operators are only rarely perfectly symmetric, but the issue is whether or not contributions of particular bases at speci®c positions are equivalent for symmetrically related positions. If not, that means the protein has distinct`l eft'' and``right'' halves that interact with the operator differently. We have no way of knowing which half of the protein might be bound to which half of any particular operator, so we can only address the question by examining the binding sites themselves for signs of symmetry and asymmetry.
The consensus is symmetric, and matches the wildtype operator (with the exception that at position 19 a C is slightly preferred over the wild-type T, consistent with the relative binding constants). However, the appropriate test is whether an alignment of the sites that does not assume symmetry (i.e. each site may be aligned using either strand as the``top'' strand) is statistically more signi®cant than an alignment that does assume symmetry. This is not as simple as comparing the information content of the two alignments because the alignment without symmetry will always have a greater (or equal) value. For example, the sequences in Figure 5 (b) could have been aligned with a C or T always at the middle position (58 Cs and 4 Ts), which would make it appear to be highly speci®c. Other positions that exhibit variability could have been aligned so that one side had a minimum of variability and the other side more, which could increase the total information content and make the sites appear to be asymmetric. However, the important difference between the two alignment methods is the number of free parameters, or degrees of freedom. By assuming symmetry we constrain the parameters to be symmetric; i.e. the model parameter for an A at position 3 is the same as the parameter for a T at position 19, and so on. The symmetric model has essentially half as many free parameters as the asymmetric model. Likelihood ratio tests, considering the number of degrees of freedom (Lawrence & Reilly, 1990 ; Bailey & The ®rst row gives the position in terms of the mnt operator numbering system (Knight & Sauer, 1989b) . The ®rst column denotes the base type. The other entries are the number of times each type of base was found at each position in the alignment where, due to the symmetry of the Mnt protein/operator system, the 62 sites shown in Figure 5 (b) were taken to represent 124 different sites. (b) The information in (a) has been converted into a speci®city matrix using logarithms to the base 2. To avoid logarithms of zero, and for small sample size corrections, all of the base occurrence numbers are incremented by one before determining the frequency. The values for positions 3 through 10 are not shown but can be obtained directly from the values for the listed positions 12 through 19, respectively (i.e. the operator 3 ± 19 , and hence the matrix, is symmetric about position 11). This matrix can be used to score how well any sequence matches or represents the mnt operator.
Quantitative Speci®city of the Mnt Repressor
Elkan, 1995), were used to determine that the symmetric model is more signi®cant than the asymmetric model. Since this matches our intuition that a tetrameric protein that is a dimer of dimers (Knight & Sauer, 1988; Waldburger & Sauer, 1995) should bind to DNA symmterically, we have added con®dence that our speci®city measurements are applicable to the entire operator.
From Figure 5 (b), the number of times each type of base was found at each position in the operator is summarized in Figure 6 (a). Due to symmetry each of the 62 sites contributes twice to the matrix of Figure 6 (a), once in each orientation about operator position 11. Figure 6 (a) can be converted into a matrix of frequencies of occurrence, where an adjustment to the values of the frequencies is applied so that there are no entries of zero frequency. With this done, a``speci®city matrix'' (Stormo, , 1991 can be derived from the frequencies of occurrence by dividing the frequencies by 0.25 (the frequency expected in a``random'' sequence) and then taking the logarithm (Figure 6(b) ). In the context of CONSENSUS, the speci®city matrix is useful because it is a log-odds matrix for the base frequencies in the binding site with respect to what would be expected by chance alone.
The matrix of Figure 6 (b) can be used to score how well any one sequence resembles the entire collection of mnt operators 3 ± 19 . The score is obtained by ®rst``aligning'' the matrix with the sequence to be scored. Then, in each separate column of the matrix, the entry which matches the base of the sequence at that position is noted. Finally, the sum of these noted entries over the 17 columns of the matrix becomes the score (Stormo, , 1991 . When the matrix of Figure 6 (b) is used to score all of the 62 sequences in Figure 5 (b) the scores are between 14.7 and 29.1; the wild-type operator 3 À 19 has a score of 28.9. (The four sequences that were removed from the study have scores between À18.2 and À2.7.) The average score over all of the selected sequences, which is equivalent to the``information content'' of the aligned sites (see Discussion), is 23.6 bits. Over all possible 4 17 17-base sequences the range of scores is from À69.0 to 29.1, with a mean of À35.1 and standard deviation of 10.1. All of the selected sequences had scores that were between 4.9 and 6.4 standard deviations above the mean, verifying that this is a highly selected subset from the starting random population of sequences.
There is also a strong correlation (r 2 0.90) between the number of each base at each position in the selected operators and the measured speci®c binding constants. Generally (except for position 17), only bases with small changes in af®nity appear in the selected operators (cf. Table 2 with Figure 6 (a)), and the bigger the reduction the fewer the occurrences (see Discussion). For example, for positions 12, 13, and 14, all base changes away from the wild-type, lead to a relative binding af®-nity of 40.20 and the SELEX experiments returned only the wild-type base (with one exception) for these positions (see Figure 6 (a)). In contrast, the relative binding af®nities for position 16 are A > C > T > G, and this same trend is re¯ected in the SELEX results for position 16. These results are all expected provided that the individual relative binding constants are an accurate re¯ection of the effects on af®nity in complete operator sequences. Figure 7 shows the relationship between the score for each sequence, using the matrix of Figure 6 (b), and its predicted change in binding energy; they are highly correlated (r 2 0.81). The Figure also shows that most of the selected sequences are predicted to have binding energies very near the wildtype sequence; the mean change in binding energy is only 0.58 kcal/mole, or about a 2.5-fold decrease in af®nity. There are a few sequences predicted to bind much less well, down to a minimum of about 120-fold reduction. However, seven of the eight sequences with the lowest predicted af®nity all have a non-C at position 17, and there is reason to suspect that the predicted reductions are too low for Table 2 . Coincident points have been shifted slightly to indicate the total number of sequences. those sequences (see Discussion). Except for those eight sequences, all of the others are predicted to be within tenfold of the wild-type af®nity, a result expected from SELEX data (Irvine et al., 1991) .
The third issue that can be addressed by the SELEX data is the assumption of independent contributions from each position. Because the binding sites have been obtained from an initially random population, non-independent interactions with the protein will show up as correlations in the sequences at two, or more, positions. However, because positions 12, 13 and 14 have (almost) no variability, we cannot determine if they are correlated with any other positions. For positions 15 to 19 we have measured the correlations between all pairs of positions. Only positions 16 and 17 are strongly correlated (w 2 18.9). Position 18 is weakly correlated with both positions 17 and 19. While we have not been able to assess it for every position, the available data indicate that the assumption of independent contributions for each position is not unreasonable. Even for the observed correlation between positions 16 and 17, the independent contributions to speci®city appear to be dominant (see Discussion).
Discussion Mnt protein/operator binding: relative binding constants
Based on a large body of experimental evidence, a model of the binding of Mnt protein to its operator has been proposed (Knight & Sauer, 1992) . In this model, hydrogen bonds between certain amino acid side-chains and DNA bases in the major groove are proposed. These contacts are summarized in the second column of Table 3 where a denotes a contact and a À denotes that no contact is proposed to exist. In a related fashion, the results in Tables 1 and 2 indicate the energetic importance of each position in the operator. Hence, it is interesting to compare the binding model with our results.
To facilitate the comparison, the information contained in Table 2 is compacted further. Speci®-cally, examination of Table 2 Table 3 also includes a summary of the SELEX results in its fourth column. A indicates positions where the sum of the positive speci®city matrix values (see Figure 6(b) ) is greater than 1.90, and a À indicates positions for which the sum is less than 1.60. Two positions, 11 and 18, have intermediate values and are labeled AE. Table 3 shows that operator positions 12, 14, 15, and 17 display a symbol in all of the columns; for those positions the model proposes a contact between the protein and operator, and our results also indicate that the presence of the wild-type base is energetically important. Similarly, positions 16 and 19 display a À symbol in all columns. The only``disagreements'' between the model and our condensed results appear to be at positions 13 and 18. While position 13 is not contacted in the model, both our current results and those of Knight & Sauer (1992) indicate that the wild-type base at position 13 is strongly preferred. It may be that amino acid side-chains from the Mnt protein do contact the bases at position 13, perhaps in conjunction with the neighboring positions 12 and 14. Each of those base-pairs is proposed to be contacted by the side-chains of arginine residues which can form hydrogen bonds to more than one base-pair at a time. The interaction could also be an example of a water-or salt-mediated protein-DNA contact, perhaps still involving the arginine side-chains (Shakked et al., 1994; Schwabe, 1997) . On the other hand, position 13 could be a site of importance for conformational reasons (Koudelka et al., 1988) . In the co-crystal structures of two other ribbon-helix-helix proteins (Met J and Arc) with their operators an overall bend of about 50 in the operator is observed (Raumann et al., 1994) . The bound mnt operator could exhibit a similar bend, and ®nding an energetically important position that is not contacted by the protein is then not unexpected. The SELEX data also con®rm that position 13 is very important for the binding of Mnt; only positions 13 and 14 are completely conserved in all of the selected operators (Figure 6(a) ).
Position 18 is proposed to be contacted in the model, but our results indicate that the base at this position is not as energetically important as was observed for the other contacted positions. The SELEX data also indicated it is less highly selected for than the other contacted positions, to about the same extent as the central base-pair, which is not proposed to be contacted. It is certainly possible that this position is contacted directly by the protein, with the change in af®nity for different basepairs being comparatively small. It is also possible that position 18 contributes to the total speci®city only indirectly, perhaps through conformational constraints. Another possibility is evident from the Quantitative Speci®city of the Mnt Repressor analysis of the SELEX data (see Figures 5 and 6 ). As described previously, positions 18 and 19 are weakly correlated. When position 18 is the wildtype and preferred base C, position 19 is more likely to be a C than a T, consistent with the relative binding constant measurements in Table 2 . However, when position 18 is not a C, T is preferred over C at position 19. Using bins of C and non-C for positions 18 and 19 one ®nds that the correlation is barely signi®cant (w 2 3.6, P % 0.05). The sample size is small, but it suggests that the protein may be interacting with those two positions as a pair in a way in which the energy is not additive across them.
Positions 16 and 17 show the strongest correlation, as described above. Whenever position 16 is the wild-type and preferred base A, position 17 is always the wild-type and preferred base C. However, all seven occurrences of non-C at position 17 occur with a non-A at position 16. When the data are collected into bins of C versus non-C at position 17 and A versus non-A at position 16, the result is highly signi®cant (w 2 = 18.6, P < 10 À4 ). Also, given the low relative af®nities of K C17 (A), K C17 (G), and K C17 (T) (see Table 2 ), we would not expect to see any non-C bases at position 17. The relative af®-nities are all below 0.15 and no other bases occur in the SELEX data with af®nities that low (Figure 6(a) ). Together these results suggest that the protein may be interacting with positions 16 and 17 in a non-independent manner. When position 17 is not the preferred base C, position 16 is selected to be not A, which somehow appears to compensate for the drastic reduction in af®nity observed when only base 17 is mutated.
Further measurements of af®nities for operators with speci®c combinations of bases at pairs of positions will be required to fully determine the energetics of the interaction with Mnt. However, it needs to be noted that the magnitudes of the nonindependent interactions appear to be small compared to the independent contributions. That is, although some correlations appear to be statistically signi®cant, the order of base frequencies observed in the SELEX experiments generally corresponds to the measured energy. Strong nonindependent interactions would have led to much more signi®cant correlations between positions and changes in the order of base preferences. For operator positions that are completely or nearly completely conserved, we do not have any data about correlations, so we cannot even speculate as to whether there might be non-additive interactions. However, analyses presented below show that additive interactions are suf®cient to explain all of the available data.
By invoking the independent base assumption (mentioned in the Introduction), we can use the values in Table 2 to determine the relative binding constants of Mnt protein for all possible sequences. In particular, if we knew the complete genomic sequence of Salmonella we could determine the total binding af®nity for the genome as a whole, the partition function for the protein inside of the cell. We do not know the genomic sequence so we assume that it is compositionally random with base frequencies of p(b) 0.25. Then the relative binding constant on average to random sequences of 17 positions will be
, where i denotes the ith position in the operator, wt denotes the wild-type base, and ra denotes the use of the``row average'' value in Table 2 . For the Mnt protein/operator system i K ra (i) % 1.4 Â 10 À6 . This means that a genome of 5 Â 10 6 base-pairs has a total binding equivalent of about seven wild-type mnt operators 3 ± 19 . Adding to the seven equivalent sites the wild-type operator itself, one arrives at a total of eight mnt operator 3 ± 19 equivalents inside the lysogenic cell. Given a single Mnt repressor, the probability that the genuine mnt operator 3 À 19 is not bound by the repressor is 7/8. However, if there are n active Mnt repressors in the cell, the probability that the genuine operator is bound equals 1 À (7/8) n . (Both calculations assume that all of the Mnt protein is associated with the genomic DNA in either a non-speci®c or site-speci®c manner.) Hence, about 22 and 34 repressors would be required to achieve 95% and 99% occupancy of the genuine mnt operator 3 À 19 , respectively. Even if we assume that there is a lower limit to the binding af®nity on non-speci®c sites, the results do not change much. For example, if we assume that the worst binding sites have af®nities about 10 À6 of the wild-type operator, due to the repressor being in à`n on-speci®c binding mode'' dominated by electrostatic interactions of the protein and DNA, the total genomic binding only increases to about 15 mnt operator 3 ± 19 equivalents. This raises the required Mnt concentration to about 45 and 71 repressors to achieve 95% and 99% occupancy of the genuine mnt operator 3 ± 19 , respectively. These numbers are in the range of normal Mnt concentrations. While this analysis proves neither the accuracy of our measurements in vivo nor the validity of the independent base assumption, it does show that those are consistent with our knowledge of Mnt interactions with its operator and the biology of the lysogenic cell.
Mnt protein/operator binding: specific binding constants
So far the binding of Mnt protein to its operator has been described in terms of relative binding constants and free energies. But binding reactions in general can also be viewed from the perspective of information theory. To arrive at some useful`m easure of information'' we ®rst introduce the speci®c binding constant:
where N represents the number of bases allowed in the randomized position of interest (e.g. see Figure 1 , where N 4 for position 13 and N 2 for position 11). Clearly, K s (b) represents a renormalization of K ref (b) to have a constant mean value, and one can naturally take the``speci®c free energy'' ÁG s (b) À RT ln K s (b). In our earlier work (Fields & Stormo, 1994; Stormo et al., 1993; Stormo & Yoshioka, 1991) , K s (b) was invoked only after à`s tandard binding reaction'' had been de®ned. In contrast, in this paper the de®nition of K s (b) is seen to be a fundamental property of the protein.
K s (b) is analogous to the common de®nition of speci®city where a site-speci®c binding constant is divided by a non-speci®c binding constant. K s (b) has the nice property that for any operator position which is not important to the binding (i.e. does not contribute to the site-speci®city), K s (b) 1 and ÁG s (b) 0 for b P {A,C,G,T}. Any position that does contribute to the site-speci®city will have K s (b) > 1 and ÁG s (b) < 0 for some subset of b, while the other base types at that position will exhibit Table 2 were converted into K s (b) using the above de®nition and are collected in Table 4 . Again noting the independent base assumption, the speci®c binding constant to any particular variant of the Mnt binding site is K s (site) i K s (b,i), where i indexes each site position and b are the bases in the site. Equivalently, ÁG s (site) AE i ÁG s (b,i). At equilibrium, the probability that Mnt protein would be bound at a particular site x given one Mnt protein in the cell is:
Here Z is the sum of K s (i), over all sites i, in the genome, the partition function. (As before, all the Mnt protein is assumed to be bound to the DNA either non-speci®cally or site-speci®cally.) If the genome outside of the speci®c binding sites is essentially random with respect to the speci®city of the protein, then its total contribution to Z is approximately the size of the genome, À, because the average value of K s 1. Reworking the operator occupancy analysis presented earlier in terms of relative binding constants now in terms of speci®c binding constants, we ®nd that the relationship between the probability that a particular site x is bound given n independently acting Mnt repressors, P(x bound jn), is:
From equations (1) and (2) it is evident that high occupancy of the operator x can be obtained with reasonably low concentrations of protein if Table 4 , our estimate of K s for the wild-type operator 3 À 19 is about 6.7 Â 10 5 , which using equation (2) would require about 20 to 30 Mnt proteins/cell to achieve occupancies of about 95 to 99% for a genome of about 5 Â 10 6 . In work with the statistics of binding site alignments the information content, I seq , has been de®ned (Schneider et al., 1986; Berg & von Hippel, 1987 Hertz et al., 1990; Stormo, ,1991 . Speci®cally:
where i indexes each operator position, b P {A,C,G,T}, f b,i is the observed frequency of b at i in a given collection of binding sites (e.g. the alignment in Figure 5 (b)), and p b is the genomic mononucleotide frequency of b. As described ®rst by Berg & von Hippel (1987 ; see also Stormo, 1991) from their statistical-mechanical selection theory, relative (and speci®c) binding energies can be approximated from the base frequencies in the aligned collection of sites:
I seq can then be seen as approximating the average speci®c binding energy for the sites in the collection. And from the discussion above, it follows that high site occupancy with reasonably low protein concentrations will occur when I seq % log 2 À, as was ®rst reported for several regulatory proteins by Schneider et al. (1986) . Using the set of sites selected by the SELEX procedure, and the estimates of speci®c binding energies as in Figure 6 (b), we get I seq 23.6 bits. This is slightly more than the 22.3 ( log 2 5 Â 10 6 ) expected because the base frequencies obtained from multiple rounds of selection overestimate the true speci®c binding energies (Irvine et al., 1991) . Collections of in vivo regulatory sites can also overestimate the speci®c binding energies, especially when only a few sites are known (Berg & von Hippel, 1987 , but should provide better estimates in general. If we use the sites from the SELEX data, but the K s (b,i) reported in Table 4 , we ®nd I seq 17.9 bits, somewhat less than expected but within the range where high operator occupancy can be obtained at reasonably low repressor concentrations.
Information content can also be calculated from experimentally derived speci®c binding constants; we have labeled this value I spec for the speci®city information (Fields, 1995; Fields & Stormo, 1994; Stormo & Yoshioka, 1991) . Using the independent base assumption, for some position i in the operator:
and then I spec i I spec i for the entire binding site. Since K s (b) is an intrinsic property of the protein, I spec is also. In fact, the relationship has previously been de®ned as the``Kullback-Liebler information'' (Kullback & Liebler, 1951) and can be seen as the``distance'' between two distributions; in this case the two distributions are sequences selected at random and sequences selected by their af®nities to the protein.
It serves as a convenient measure of the ability of the protein to discriminate between different sequences, its intrinsic speci®city. For a site size of L base-pairs, I spec will be between 0, for a truly nonspeci®c binding protein, and 2L, for a protein that exclusively binds to one sequence from the 4 L possibilities, such as some restriction enzymes. Table 4 provides the values of I spec (i) from our data, which range from about 0.05 to 0.98 bits. The total for the entire 17 base-pair mnt operator 3 À 19 is about 8.8 bits. This value is much smaller than the analogous value for I seq computed earlier because it is averaged over all of the 4 17 possible 17-base sequences, most of which have positive ÁG s , rather than just over an alignment of sites, as in Figure 5 (b), which must have high af®nity by selection.
The relationship between I spec , a measure of the intrinsic speci®city of the protein, and I seq , a measure of the degree of conservation among the high af®nity sites, is easily seen. Recall that K ra (i) and K s (b,i) are just different normalizations of the relative binding af®nities, such that:
Let us de®ne K ra i K ra (i) as the product of the row average across all positions. Then, invoking the independent base assumption:
ln K ra is a constant, de®ned by the speci®city of the protein, and as we argue earlier, should be % À ln À for an ef®cient regulatory system. Since the difference in ÁG s (site) and ÁÁG wt (site) is also a constant, so is its average taken over any collection of sites. Together these facts imply:
I seq is one particular average of ÁG s , taken over the high af®nity sites. For those sites hÁÁG wt i will be small because they all bind with similar af®nities. Therefore one expects that I seq % log 2 À, and indeed that is seen to be true for several regulatory proteins (Schneider et al., 1986) . Promoters would be an exception to that generality because they occur with widely varying af®nities, so that hÁÁG wt i will not be small, and so I seq is considerably less than log 2 À (Hertz & Stormo, 1996) . I spec is determined from all possible sequences, each weighted by its probability of binding. In that case hÁÁG wt i can be large, and I seq 4 I spec , as for Mnt. Each of these values can be determined directly from the speci®c (and relative) binding constants, along with the relationship about the number of proteins necessary for the appropriate level of regulation. To the extent that the independent base assumption is violated, additional terms will be required to adequately determine the speci®c binding constants to sites with multiple differences. But for Mnt it appears that the assumption is at least consistent with current data, and the easily determined values of K s (b,i) are suf®cient for a reasonable model of regulation.
Materials and Methods
Binding reaction
Synthetic oligonucleotides (Figure 1) were kindly provided by NeXagen and were further puri®ed by high performance electrophoresis chromatography (HPEC) with an Applied Biosystems HPEC 230A. Wild-type Mnt protein was kindly provided by Knight & Sauer (1989a) . Using the oligos in Figure 1 , ®ve separate families (ssY11N13, ssN12N16, ssN14N18, ssN15N19, and ssN17) of dsDNA were produced by incubating the``short-Mnt primer'' and template of choice with the DNA polymerase Sequenase 2.0 (United States Biochemical/Amersham) and dNTPs. The DNA so produced retained a ten base 3 H overhang, but it is still called``double-stranded'' DNA here. This dsDNA was puri®ed on FMC BioProducts agarose gel in the presence of ethidium bromide; extraction from the gel was with Schleicher and Schuell DEAE membrane. The binding reaction was 10 À7 M dsDNA, 5 or 7.5 Â 10 À8 M Mnt protein, 200 mM KCl, 10 mM Tris-HCl (pH (7.5), 10 mM MgCl 2 , 0.1 mg/ml Promega acetylated BSA, and 0.1% (v/v) NP-40; it was incubated at 37 C for one hour. As outlined in Figure 2 , the bound and unbound fractions were resolved with a band mobility shift on non-denaturing PAGE with HPEC. Utilizing the aforementioned ten base difference in length between the template and antitemplate strands, each fraction was further resolved into its respective template and antitemplate strands on denaturing (urea) PAGE with HPEC. See Fields (1995) for further detail.
DNA sequencing
Except as noted all enzymes, buffers, and solutions were from United States Biochemical/Amersham, or were made to the same speci®cation. The sequencing primers were puri®ed by HPEC and were end-labeled with [g-32 P]ATP and phage T4 polynucleotide kinase. Template strand recovered from HPEC denaturing PAGE and either Mnt primer or short-Mnt primer (see Figure 1) were annealed in the presence of baker`s yeast tRNA (Boehringer-Mannheim) by being heated to 80 to 90 C followed by placement on ice. Antitemplate strand recovered from HPEC denaturing PAGE was treated in the same way, except that``reverse-Mnt primer'' served as the primer. Dideoxy sequencing was performed with Sequenase 2.0 in the presence of isocitrate buffered MnCl 2 (Fuller, 1989) . The stock Mn-buffer solution was 0.1 M MnCl 2 in 0.15 M sodium DL-isocitrate (pH % 7). The key ingredients of a sequencing reaction were: 33 mM of each dNTP (N A,C,G, and T), 3.3 mM of one ddNTP, 36 mM NaCl, 6 mM MgCl 2 , 3 mM MnCl 2 , 4.5 mM isocitrate, 12 mM Tris (pH % 7.5), 90 nM primer, 490 nM template, %0.1 mg/ml tRNA, %0.2 unit of Sequenase 2.0/ml; this was incubated at 37 C for ®ve minutes. After the sequencing reactions were heat terminated (80 to 90 C), terminal deoxynucleotidyl transferase was added to further extend any non-dideoxy terminated primer extensions (Fawcett & Bartlett, 1990) . The samples were resolved on a sequencing gel, and after being ®xed and dried, the sequencing gel was scanned and imaged on the Ambis machine with a 0.8 mm Â 1.6 mm resolution plate. See Fields (1995) for further detail. The sequencing gels were scanned on the Ambis machine for 16 to 54 hours. The template strands derived from the binding reactions with dsN17 and dsY11N13 were sequenced with Mnt primer (see Figure 1) . Curiously, this same primer tended not to produce quantitatively usable sequencing gels with the template strands derived from the binding reactions with dsN14N18 and dsN15N19. This problem was circumvented by sequencing with short-Mnt primer.
Band intensity
The intensity of a band on a sequencing gel is de®ned as the net counts found in the band. Considering the well-known modus operandi of dideoxy sequencing, the net counts in a band equals the product of (1) the overall probability of dideoxy termination at the band`s position, (2) the number of starting primer-template complexes capable of dideoxy termination at the band`s position, and (3) a constant incorporating dilution factors, radiolabel speci®c activity/quenching, and time of Ambis scan. To determine K ref (b) we need to compare the bands on a sequencing gel which correspond to the same randomized position (e.g. see Figure 3 ). Since bands compared in this way come from the same sequencing experiment and sequencing gel, they have the same values for the aforementioned constant. We assume that the overall termination probabilities for the compared bands are close in value due to the use of Sequenase 2.0 and Mn-buffer (Fuller, 1989) . Hence, the ratio of the intensities of any two such bands equals the ratio of the two bands`corresponding operators all the way back to the parental binding reaction, and (in equations below) equation (3) becomes equation (4). Regarding the ®lm mode analyses of the template strands, the band enclosures (see Figure 3) were from 51 to 6 mm 2 , the net counts were from 88,054 to 1019 counts, and the % of background counts/total counts in the bands were from 77 to 13%. Regarding the ®lm mode analyses of the antitemplate strands, the band enclosures were from 39 to 7 mm 2 , the net counts were from 88,376 to 1304 counts, and the % of background counts/total counts in the bands were from 89 to 18%.
Additionally, if a band is observed in pro®le and one assumes that the band runs with a Gaussian shape, the intensity is proportional to the product of the peak height and the Gaussian parameter s. Since the compared bands come from ssDNA of the same size, their svalues are assumed to be close, so the peak height itself can directly serve as a measure of relative intensity. That is, the peak height ratio equals the band intensity ratio and thence the respective operator ratio.
Equations
The binding of Mnt protein to any one unique type of mnt operator is modeled: P D b P ÁD b . P is the free protein, D b is the unbound operator where {b P A,C,G,T} at the operator position under study (consider ssN17 in Figure 1 ), and PÁD b is the bound operator. Letting ref denote the value of b in the reference operator, and letting B and U represent the experimental intensities of the sequencing gel bands in their bound and unbound fractions, respectively:
Equation (4) followed from equation (3) by the comments in the preceding subsection. Importantly, it is noted that the quantitative sequencing method directly 
